Abstract: Mammalian hibernation is composed of long periods of deep torpor interspersed with brief periods of arousal in which the animals, fueled by high rates of oxygen-based thermogenesis in brown adipose tissue and skeletal muscle, power themselves back to euthermic (~37 8C) body temperatures. Strong antioxidant defences are important both for long-term cytoprotection during torpor and for coping with high rates of reactive oxygen species generated during arousal. The present study shows that the antioxidant enzyme heme oxygenase 1 (HO1) is strongly upregulated in selected organs of thirteen-lined ground squirrels (Spermophilus tridecemlineatus) during hibernation. Compared with euthermic controls, HO1 mRNA transcript levels were 1.4-to 3.8-fold higher in 5 organs of hibernating squirrels, whereas levels of the constitutive isozyme HO2 were unchanged. Similarly, HO1 protein levels increased by 1.5-to 2.0-fold in liver, kidney, heart, and brain during torpor. Strong increases in the levels of the Nrf2 transcription factor and its heterodimeric partner protein, MafG, in several tissues indicated the mechanism of activation of hibernation-responsive HO1 gene expression. Furthermore, subcellular distribution studies with liver showed increased nuclear translocation of both Nrf2 and MafG in torpid animals. The data are consistent with the suggestion that Nrf2-mediated upregulation of HO1 expression provides enhanced antioxidant defence to counter oxidative stress in hibernating squirrels during torpor and (or) arousal.
Introduction
Hibernation is a critical winter survival strategy for many small mammals. By entering a state of torpor and allowing their body temperature (Tb) to drop to near-ambient levels, animals can save about 90% of the energy that would otherwise be needed to remain euthermic over the winter months (Wang and Lee 1996) . Accumulating evidence indicates that good antioxidant defences are important to hibernation success. These defences not only provide cytoprotection over weeks of torpor, but, critically, also defend against high rates of reactive oxygen species (ROS) generation during periods of intermittent arousal, in which huge surges in oxygen consumption power thermogenesis to rewarm the body.
Indeed, the rapid consumption of plasma ascorbate during the arousal process attests to the ROS challenge presented (Drew et al. 2002; Osborne and Hashimoto 2006) . Activities, protein levels, and (or) mRNA expression levels of various antioxidant enzymes are also elevated in selected tissues during hibernation, increasing antioxidant defence capacity (Buzadzić et al. 1990; Storey 2003 Storey , 2006 Carey et al. 2003; Eddy et al. 2005; Morin and Storey 2007; Page et al. 2009 ).
Upregulation of a range of antioxidant defence genes in response to environmental stress and industrial toxins is mediated via the action of a basic leucine zipper transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2) (Alam et al. 1999; Owuor and Kong 2002 ) that binds to the antioxidant response element (ARE) in the promoter region of antioxidant genes. In a recent study, we reported increased levels of Nrf2 protein in some organs of thirteenlined ground squirrels, Spermophilus tridecemlineatus, during hibernation (Morin et al. 2008) . A strong correlation was seen in the heart during hibernation between increased nrf2 mRNA transcript levels, elevated Nrf2 protein, and enhanced levels of 3 antioxidant enzymes under Nrf2 control: aflatoxin aldehyde reductase (AFAR), Cu and Zn superoxide dismutase, and heme oxygenase 1 (HO1). The present study takes a closer look at the tissue-specific responses and regulation of HO1 in hibernating S. tridecemlineatus.
Heme oxygenase catalyzes the first and rate-limiting step of heme degradation, producing CO, biliverdin, and ferrous iron (Tenhunen et al. 1968) . Two main isoforms exist. HO1 is the inducible form, and HO2 is constitutive (Maines 1988) . Biliverdin and its catabolite, bilirubin, have antioxidant properties with demonstrated beneficial effects in a number of disease and injury states, including ischemiareperfusion, organ transplantation, graft rejection, and autoimmune inflammation (Ö llinger et al. 2007; Idriss et al. 2008; Soares and Bach 2009) . HO1 is induced by numerous stresses, including accumulation of heme (Maines 1988) , UV light, heat shock (Keyse and Tyrrell 1989) , sulfhydryl reactive reagents (Applegate et al. 1991) , heavy metals, anoxia, hypoxia, hyperoxia (Lee et al. 1997; Lee et al. 2000) , and ischemia (Semenza 2000) . A common feature of these stress inducers is their ability to generate ROS, suggesting that HO1 provides antioxidant defence (Idriss et al. 2008 ).
The present study documents the hibernation-responsive upregulation of HO1 at both the mRNA and protein levels in several tissues of thirteen-lined ground squirrels and links this to Nrf2 signaling. Nrf2 distribution between the free 57 kDa protein and the inactive actin-bound 100 kDa state (Nrf2 is sequestered in the cytoplasm by Keap1 protein that can be bound to the actin cytoskeleton) was evaluated. We also oxamined hibernation-responsive changes in the levels of the partner protein, MafG, that forms a heterodimer with Nrf2 to bind to the ARE of the HO1 gene.
Materials and methods

Animal treatments
Animal studies were conducted in the laboratory of Dr. J.M. Hallenbeck (National Institute of Neurological Disorders and Stroke, NIH, Bethesda, USA) under a protocol approved by the NINDS Animal Care and Use Committee and meeting the guidelines of the NIH Guide for the Care and Use of Laboratory Animals; conditions are described in greater detail by Morin et al. (2008) . Briefly, thirteen-lined ground squirrels were acquired in late summer (initial body mass 130-180 g), housed at 21 8C under an autumn 12 h light : 12 h dark cycle, and fed ad libitum until they reached a plateau weight of 220-240 g. Some animals were then placed in a cold chamber at 4-5 8C in constant darkness and entered torpor within several days. Animals were sampled after 2-5 days of continuous torpor as indicated by a constant low core Tb of approximately 5 8C (measured via a subcutaneously implanted thermal transmitter). Other squirrels were maintained as euthermic controls at 21 8C and were sampled on the same dates as the hibernating animals. Animals were killed by decapitation and tissue samples were removed quickly, frozen immediately in liquid nitrogen, air-freighted to Carleton University on dry ice, and stored at -80 8C until use.
PCR analysis of HO1 and HO2 mRNA transcript levels
RNA preparation
Total RNA was isolated from tissues of control and hibernating ground squirrels (n = 3 or 4 separate preparations from different animals for each condition) using Trizol reagent (Invitrogen), following manufacturer's instructions as per Mamady and Storey (2006) . RNA was separated on a 1.2% denaturing formaldehyde agarose gel, and high quality was confirmed by the presence of sharp 28S and 18S rRNA bands. RNA concentration was quantified spectrophotometrically by measuring absorbance at 260/280 nm. RNA was stored at -80 8C until use.
First-strand cDNA synthesis
A 15 mg aliquot of total RNA from each sample was used for first-strand synthesis as described by Mamady and Storey (2006) . The cDNA stock solution was stored at -20 8C, and serial dilutions (10 -1 , 10 -2 , 10 -3 , 10 -4 , 10 -5 ) were prepared before performing PCR.
PCR using degenerate primers
Degenerate primers for HO1 and HO2 were designed from consensus sequences based on the human, mouse, rat, rabbit, and pig sequences using DNAman (version 4.11) and Primer Designer (version 3.0). Primers were synthesized by Sigma Genosys with the following sequences: HO1 forward (5'-TGAAGGAGGCCACCAAGGAG-3') and reverse (5'-GTTGAGCAGGAASGCRGTCTT-3'); HO2 forward (5'-ATGGABCGCAAYAAGGAC-3') and reverse (5'-TAGTA-CCAGGCCAAGAGTCC-3'). PCR reactions were carried out in a mixture containing 5 mL 10 -2 cDNA dilution, 15 mL H 2 O, 2.5 mL 10Â PCR Rxn buffer (without MgCl 2 ), 1.25 mL 50 mmol/L MgCl 2 , 0.5 mL 10 mmol/L dNTPs, 0.125 mL Taq DNA polymerase (all Invitrogen), and 2.5 mL 30 nmol/mL forward and reverse primer mixture (1:1). A Mastercycler gradient PCR machine (Eppendorf) was used to provide 35 cycles as follows: denaturation at 95 8C for 30 s, primer annealing for 30 s at optimum temperature (688 and 65 8C for HO1 and HO2, respectively), and primer extension at 72 8C for 30 s. PCR products were separated on a 0.8% agarose / ethidium bro-mide gel, and bands were imaged and quantified using the ChemiGenius Bio imaging system with GeneTools software (Syngene, Frederick, USA). PCR products were sequenced by Canadian Molecular Research Services (Ottawa, Canada) or by Cortec (Kingston, Canada). Nucleotide and deduced amino acid sequences were verified as being the expected products using the programs BlastN and BlastP at the NIH.
Semiquantitative PCR
Primers were then revised to be ground squirrelspecific with the following sequences: HO1 forward (5'-TCC-AAGCTGGTGATGGTGTC-3'); HO1 reverse (5'-GCTTGA-ACTTGGTGGCACTG-3'); HO2 forward (5'-CTGACCAAG-GACATGGAGTA-3'); and HO2 reverse (5'-CTTGCTGAG-CAGCATAGAAG-3'). The housekeeping gene, a-tubulin, was also amplified with forward (5'-AAGGAAGATGCTGC-CAATAA-3') and reverse (5'-GGTCACATTTCACCATCTG-3') primers.
Paired PCR reactions were performed with each set of cDNA dilutions, one to evaluate the quantity of the cDNA of interest (HO1 or HO2) and the other to quantify the housekeeping gene a-tubulin. A tube with reaction mix and a-tubulin primers but with no cDNA was used as a negative control, whereas a tube with reaction mix and a-tubulin primers but with total RNA was used as a control to exclude genomic contamination. Reaction mixtures and cycling conditions were as above. PCR products were separated in 0.8% agarose / ethidium bromide gels, which were then imaged and quantified using the ChemiGenius. To be sure that the PCR products had not reached amplification saturation, the lowest dilutions that gave visible bands were quantified. HO1 or HO2 band intensity was normalized against the corresponding a-tubulin band density amplified from the same sample.
Western blotting
Preparation of tissue extracts
Samples of frozen tissues (n = 4 from different animals for each condition) were homogenized 1:10 w/v in buffer containing 250 mmol/L sucrose, 25 mmol/L Hepes, 25 mmol/L KCl, 1 mmol/L EGTA, and 1 mmol/L EDTA with protease inhibitor, phenylmethylsulfonyl fluoride (PMSF), added immediately before homogenization. Samples were centrifuged at 5 000 rpm for 5 min at 4 8C in a Biofuge 15 (Baxter Canlab), supernatant was collected, and soluble protein concentration was determined by using the Coomassie blue dye-binding method with bovine serum albumin as the standard and the Bio-Rad commercial reagent.
SDS-polyacrylamide gel electrophoresis
Electrophoresis was carried out essentially as in Mamady and Storey (2006) . Supernatant was mixed 1:1 v/v with 2Â SDS-PAGE sample buffer (100 mmol/L Tris-HCl (pH 6.8), 4% w/v SDS, 20% v/v glycerol, 0.4% w/v bromophenol blue) and 10% v/v 2-mercaptoethanol, boiled, and stored at -20 8C until use. Aliquots containing 10 mg protein from euthermic and hibernating samples were loaded onto 7.5%-15% gels (depending on subunit molecular mass of the protein) and followed by electrophoresis for approximately 1 h at 200 V using the Bio-Rad Mini-Protean 3 system. Proteins were then blotted to polyvinylidene difluoride (PVDF) membranes by wet transfer at 4 8C for 2 h at 70 V or 30 V overnight.
Immunoblotting and protein visualization
PVDF membranes were rinsed with TBST buffer (10 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 0.05% v/v Tween 20) and then incubated in blocking buffer (TBST with 5% non-fat dry milk) for 30 min at 21 8C. The blot was then placed in 5 mL TBST containing rabbit polyclonal antibodies against the protein of interest and incubated at 21 8C for 2 h or at 4 8C overnight. For HO1, the antibody was rabbit anti-HO1 (1:2000 v/v dilution; SPA-896, Stressgen); a duplicate blot was incubated with TBST containing HO1 antibody and 10 mg HO1 immunizing peptide (SPT-896E, Stressgen) as a negative control. Rabbit anti-Nrf2 and anti-MafG were gifts from Dr. John Hayes, Biomedical Research Centre, University of Dundee, and were used at 1:2000 and 1:1000 v/v, respectively. Mouse anti-actin antibodies (JLA20, University of Iowa) were used at 1:2000 v/v. After incubation, blots were washed 3-5 times in TBST (5 min, 21 8C) and then incubated in 5 mL TBST solution containing secondary antibody overnight at 4 8C. Secondary antibodies were horseradish peroxidase (HRP)-linked goat anti-rabbit IgG (H and L chains) for HO1, Nrf2, and MafG, and HRP-linked horse anti-mouse IgG (H and L) for actin (all from Cell Signaling; used at 1:2000 v/ v). Target proteins were visualized by enhanced chemiluminescence using SuperSignal West Pico chemiluminescent substrate (Pierce), and bands were scanned and quantified with ChemiGenius. Equal loading of proteins was confirmed by subsequent Coomassie blue staining of the blots.
Nuclear versus cytoplasmic fractionation
Nuclear extracts were prepared using a slight modification of the method described by Dignam et al. (1983) . Briefly, samples (~0.5 g) of frozen tissue were crushed under liquid nitrogen and homogenized using a Dounce homogenizer in 1 mL hypotonic buffer containing 10 mmol/L Hepes, pH 7.9, 10 mmol/L KCl, 10 mmol/L EDTA, 1 mmol/L dithiothreitol (DTT), and 10 mL of a protease inhibitor mixture (1 mmol/L PMSF, 1 mg/mL aprotinin, 0.01 mg/mL pepstatin A, and 1 mg/mL antipapain). Lysates were centrifuged at 10 000g for 10 min at 4 8C. Supernatant was removed as the cytoplasmic fraction. Pellets containing crude nuclei were resuspended in 200 mL extraction buffer (20 mmol/L Hepes, pH 7.9, 400 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L DTT, and 1.5 mL protease inhibitor) and incubated for 1 h on ice with gentle rocking. Samples were centrifuged at 10 000g for 10 min at 4 8C, and supernatants representing the nuclear faction were collected. Fractions were stored at -80 8C until use. SDS-PAGE and immunoblotting were performed as above using 12% gels; antibody dilutions were 1:5000 v/v for anti-Nrf2 and 1:2000 v/v for anti-MafG. Western blotting was also conducted with antihistone H3 antibody as described previously (Mamady and Storey 2006) to confirm the separation of the nuclear versus cytoplasmic fractions. Bands for histone H3 band were found only in the nuclear extracts and not in the cytoplasmic fractions (data not shown).
Data quantification and statistics
PCR product bands were normalized against bands for a-tubulin amplified from the same cDNA sample. Western blot band intensities were standardized against a group of 3 Coomassie-stained protein bands that did not show variation between the different experimental states and were not located close to the protein bands of interest. Mean normalized band intensities were then calculated (± SE, n = 3 or 4 independent preparations of cDNA or n = 4 separate protein extracts, all from different animals) for euthermic and hibernating samples and the Student's t test was used to test for significant differences between the 2 groups. The ratio of hibernating to euthermic levels was then calculated and plotted in histograms; error bars show the sum of SE values for euthermic and hibernating trials.
Results
HO1 and HO2 gene expression
Degenerate primers were used to amplify PCR products that were sequenced and confirmed via BlastN as encoding HO1 and HO2. Species-specific primers were then produced and used for relative quantitative PCR to examine transcriptional levels of HO1 and HO2. Transcripts of both genes were amplified from serial dilutions of cDNA (10 -1 to 10 -5 ) prepared from RNA of 8 tissues. The housekeeping gene, a-tubulin, was also amplified from each sample and used for normalization. Figure 1 shows an example of PCR products amplified from kidney and separated on agarose / ethidium bromide gels. Band densities were quantified and normalized against a-tubulin expression; mean values were compared between hibernating and euthermic states. The histograms in Fig. 1B show that during hibernation, HO1 mRNA levels rose significantly in 5 organs: by 3.8-fold in brain, 2.8-fold in lung, 2.4-fold in liver, 2.15-fold in skeletal muscle, and 1.4-fold in kidney. In contrast, HO1 mRNA levels fell in heart and were unchanged in brown adipose tissue (BAT); we were unable to amplify HO1 from white adipose tissue (WAT).
The equivalent analysis of HO2 successfully amplified transcripts from 7 ground squirrel organs. However, no significant differences in HO2 mRNA expression were found between euthermic and hibernating states for any tissue (Fig. 1C) , which is consistent with the status of mammalian HO2 as a constitutive enzyme.
Western blotting analysis of HO1 expression
Immunoblotting was used to study HO1 translational regulation. A polyclonal antibody raised against human HO1 (residue 1-30) cross-reacted with a band on Western blots at 32 kDa that corresponds with the known molecular mass of mammalian HO1. Furthermore, when parallel gels were incubated with antibody that was pre-exposed to the HO1 immunizing peptide (human HO1 synthetic peptide, amino acids 1-30), immunoreactivity at the 32 kDa band was abolished (data not shown); this confirmed that the 32 kDa band detected in squirrel samples was HO1. Figure 2 shows representative Western blots of HO1 protein in 7 ground squirrel tissues; histograms plot the ratio of hibernating to euthermic protein levels. HO1 levels were significantly elevated in 4 organs during hibernation: by 1.5-fold in brain and kidney and by 1.9-fold in liver and heart. The results for brain, kidney, and liver were consistent with the transcriptional upregulation shown in Fig. 1 .
Analysis of Nrf2, MafG, and actin protein expression in ground squirrel tissues
A common mechanism of HO1 gene regulation is activation of transcription via the ARE in response to Nrf2 transcription factor signaling (Alam et al. 1999, Owuor and Kong 2002) . Previous studies showed that Nrf2 was detected in 57 kDa and 100 kDa forms on immunoblots and that the 100 kDa form was a complex of Nrf2 and actin (Kang et al. 2002) . Nrf2 was detected in 2 bands in ground squirrel tis- Fig. 1 . Analysis of HO1 and HO2 mRNA transcript levels in ground squirrel organs during hibernation, as determined by semiquantitative PCR. The lowest dilutions of cDNA stock that gave visible PCR product bands (10 -3 to 10 -5 for different tissues) were chosen for quantification of band densities. (A) An example of HO1 amplification from kidney cDNA. For this organ, bands from 10 -4 and 10 -5 dilutions were quantified for HO1 and a-tubulin, respectively (these bands are boxed in the figure). HO1 band densities were normalized against the corresponding a-tubulin band density for the same sample. (B) Ratios of normalized hibernating versus euthermic values for HO1; data are means from n = 3 or 4 independent determinations on cDNA samples prepared from tissue samples of different animals. (C) Ratios of normalized hibernating versus euthermic values for HO2; data are means, n = 2. BAT and WAT are brown and white adipose tissue, respectively. *, Significant at p < 0.05 vs. corresponding euthermic value, by Student's t test.
sues. One-dimensional gels showed immunoreactive bands at both 57 and 100 kDa. Two-dimensional gels resolved 2 substantial immunoreactive spots (data not shown). One spot was detected at 57 kDa with an isoelectric point (pI) of approximately 4.5, consistent with the known mass of Nrf2 and the theoretical pI value of 4.67 calculated by Swiss-2D PAGE for human Nrf2 (GenBank accession number Q16235). Another spot was detected at 100 kDa with a pI of approximately 5.4, the putative Nrf2-actin complex. Figure 3A shows the relative levels of Nrf2 protein in tissues from hibernating versus euthermic ground squirrels. During hibernation, the content of the 57 kDa Nrf2 protein increased significantly in liver, heart, and BAT by 1.6-, 2.2-, and 3.2-fold, respectively. Nrf2 protein content in the 100 kDa band also increased significantly in these 3 tissues by nearly equivalent amounts, so that the total amount of Nrf2 in cells was clearly strongly elevated in tissues during torpor. In contrast, the amount of 57 kDa Nrf2 protein decreased significantly in brain and kidney to 70% and 60% of the euthermic value, respectively, but the 100 kDa protein was unaffected. Neither protein form was affected by hibernation in lung, muscle, or WAT.
The small Maf proteins act as obligatory heterodimeric partner molecules with Nrf2 for binding to the ARE. Western blot analysis of MafG in ground squirrel tissues revealed that the content of MafG protein during hibernation was elevated in BAT, heart, liver, and lung by 1.6-, 1.5-, 1.8-, and 3.8-fold, respectively (Fig. 3B) . Levels of MafG were unaffected in muscle and WAT and decreased significantly in brain and kidney. In all organs except lung, the pattern of change in MafG correlated well with the results for 57 kDa Nrf2 protein.
Western blotting was also used to analyze the protein expression profile of actin in ground squirrel tissues. The 43 kDa actin band did not change in intensity during hibernation in any of the 8 tissues analyzed (Fig. 3C) . However, given that the Nrf2 antibody cross-reacted with bands at both 57 kDa and 100 kDa, we reasoned that the actin antibody should also show a double band pattern. Figure 4 shows results for brain and heart. An actin band was detected at the expected molecular mass of 43 kDa band and another was found at 100 kDa, which could be the putative complex with Nrf2. In both tissues, the relative intensities of the 100 kDa band changed during hibernation. In heart, the relative amount of the 100 kDa putative protein complex increased significantly by 1.5-fold during hibernation, whereas in brain, the relative intensity of 100 kDa protein bands decreased to 75% (p < 0.05) of the euthermic level.
Nuclear translocation of Nrf2 and MafG in liver and muscle
To trigger gene expression, transcription factors must be present in the nucleus, and regulation of their translocation from cytoplasm to nucleus is a common mechanism that controls transcription factor action. To determine whether Nrf2 and its binding partner MafG moved into the nucleus during hibernation, nuclear and cytoplasmic fractions were isolated from liver and skeletal muscle and the distribution of Nrf2 and MafG in these fractions was analyzed by immunoblotting (Fig. 5) .
In liver, the relative amount of 57 kDa Nrf2 in the nuclear fraction increased significantly by 1.4-fold during hibernation, while cytoplasmic levels decreased by 50% (Fig. 5A ). This indicates that the 57 kDa Nrf2 protein translocates from the cytoplasm into the nucleus during hibernation. By contrast, the amount of 100 kDa Nrf2 was stable in both nucleus and cytoplasm during hibernation. The distribution of MafG in liver paralleled that of 57 kDa Nrf2; the amount of MafG in the nuclear fraction increased significantly by 1.4-fold during hibernation, but levels were reduced in the cytoplasm to 75% of the euthermic level.
In muscle, a different situation occurred. Nuclear 57 kDa Nrf2 content decreased significantly during hibernation to just 30% of the euthermic value, but the amount of cytoplasmic 57 kDa Nrf2 remained stable (Fig. 5B ). Nuclear levels of the 100 kDa Nrf2 also decreased during hibernation to 80% of the euthermic value, while cytoplasmic levels dropped to 40%. MafG levels remained constant during hibernation in both nuclear and cytoplasmic compartments.
Discussion
Exposure of mammalian cells to oxidative stimuli induces HO1, and in various systems of tissue injury, HO1 induction Western blots using actin antibody to detect the putative 100 kDa complex with Nrf2 in tissue extracts from heart and brain of ground squirrels. Free actin is shown at 43 kDa and a putative complex at 100 kDa in representative samples from euthermic (E) versus hibernating (H) animals. (B) Relative amounts of putative actin-Nrf2 complex in hibernating versus euthermic squirrels. Values are means, n = 4 samples from different animals. *, Significant at p < 0.05 vs. corresponding euthermic value, by Student's t test.
Fig. 5.
Protein distribution between nuclear and cytoplasmic fractions in ground squirrel organs. Representative Western blots show Nrf2 57 and 100 kDa and MafG bands in nuclear and cytoplasmic fractions from liver and skeletal muscle of euthermic (E) and hibernating (H) ground squirrels. Histograms show ratio of hibernating versus euthermic protein distribution in liver (A) and muscle (B) for Nrf2 57 kDa (light grey), Nrf2 100 kDa (dark grey), and MafG (black). Values are means, n = 4 samples from different animals. *, Significant at p < 0.05 vs. corresponding euthermic value, by Student's t test.
has been shown to confer protection while its abrogation accelerates injury. Protection has been linked with the antioxidant actions of biliverdin and bilirubin (Ö llinger et al. 2007; Idriss et al. 2008; Soares and Bach 2009 ). The present study shows that HO1 is enhanced in multiple organs of ground squirrels during hibernation and this suggests that HO1 contributes to natural cytoprotection during torpor. These data, therefore, both confirm a role for HO1 in situations of natural oxidative stress challenge and support the demonstrated antioxidant actions of HO1 in pathophysiological conditions. The actions of HO1 may contribute to sustaining long-term viability of animals in the torpid state. They may also play a role in combating oxidative stress during arousal when oxygen levels and oxygen consumption rise dramatically over short periods of time as animals power themselves back to euthermia by means of high rates of lipid-fueled thermogenesis in BAT and skeletal muscle. Indeed, recent studies have shown that elevated levels of biliverdin or bilirubin are associated with hibernation: plasma bilirubin rose 5-fold in torpid jerboas (Mountassif et al. 2007) , and bilirubin levels increased 5-fold in bile in hibernating ground squirrels (Baker and van Breukelen 2009) . Compared with squirrels entering hibernation or in full torpor, biliverdin in ground squirrel liver was 15-to 20-fold higher both during arousal (Tb 20-25 8C) and during the interbout periods before animals re-entered torpor (>2 h at Tb >34 8C) (Nelson et al. 2009 ). The findings of the last study suggest 2 possibilities: (i) a burst of heme degradation by liver during the arousal period may be one of the regenerative mechanisms that take place during the euthermic interbout, or (ii) targeted production of biliverdin has a positive action in hibernation and (or) arousal. Our data on HO1 upregulation during hibernation argue for the latter and suggest that a positive action of HO1 in producing biliverdin (with subsequent bilirubin formation by biliverdin reductase) is an antioxidant defence mechanism for the hibernator.
Specific upregulation of HO1 during hibernation occurred at both the gene and protein levels in ground squirrel tissues. HO1 protein levels increased significantly by 1.5-to 2-fold in 4 organs of ground squirrels during hibernation (Fig. 2) and HO1 mRNA levels were strongly upregulated by 1.5-to 3.5-fold in 5 organs (Fig. 1) . Changes in HO1 mRNA and protein levels correlated well in brain, kidney, and liver of hibernating squirrels, suggesting that mRNA substrate availability is important in determining the synthesis of HO1 protein. Upregulation of HO1 mRNA transcripts during torpor could also set the stage for a subsequent rapid increase in HO1 protein synthesis when animals enter the arousal phase and inhibitory controls on global protein synthesis are released (Storey 2003) . By contrast, mRNA transcript levels of HO2 did not change during hibernation, which is consistent with the constitutive nature of this isozyme.
HO1 catalyzes the breakdown of heme to CO, biliverdin, and free iron. If high biliverdin (and bilirubin) levels are cytoprotective during hibernation and (or) arousal, as is argued by the hibernation-responsive upregulation of HO1, then a mechanism is needed to protect cells from the prooxidant effects of iron. In other systems, the iron released through HO1 action stimulates the synthesis of ferritin (an iron storage protein), which provides an iron detoxification mechanism that contributes to the long-term cytoprotection observed after HO induction (Soares and Bach 2009) . Notably, DNA array screening identified the ferritin gene as upregulated during hibernation, along with several antioxidant enzymes (Storey 2006) .
Nrf2 pathway and regulation of the HO1 gene
A variety of stresses that cause oxidative damage trigger the upregulation of antioxidant defence enzymes mediated by the Nrf2 transcription factor. Indeed, Nrf2-deficient cells have been shown to be hypersensitive to oxidative stresses (Itoh et al. 1997) . In partnership with a small Maf protein, the Nrf2-Maf heterodimer binds to the ARE in the promoter region of antioxidant genes. Apart from HO1, a variety of other antioxidant enzymes are known to be upregulated during hibernation (including glutathione S-transferases (GSTs), SOD, and peroxiredoxins), many of which are regulated by Nrf2 (Buzadzić et al. 1990; Storey 2003 Storey , 2006 Carey et al. 2003; Eddy et al. 2005; Morin and Storey 2007; Page et al. 2009 ). For example, in thirteen-lined ground squirrels, levels of peroxiredoxin 1, which is Nrf2-regulated (Ishii and Yanagawa 2007) , were 4-and 13-fold higher in BAT and heart, respectively, during hibernation than during euthermia (Morin and Storey 2007) .
Our results for Nrf2 and MafG show coordinated responses by these 2 transcription factor proteins. Levels of both increased significantly in liver, heart, and BAT during hibernation, whereas both fell in brain and kidney (Fig. 3) . Increased levels of 57 kDa Nrf2 protein in ground squirrel heart during hibernation correlated with elevated protein contents of Cu,Zn SOD, AFAR1, and peroxiredoxin antioxidant enzymes (Morin and Storey 2007; Morin et al. 2008) , as well as with HO1 in the present study. In liver, the evidence for Nrf2-MafG regulation of HO1 was particularly strong: elevated levels of Nrf2 (1.6-fold) and MafG (1.8-fold) during hibernation correlated with increased HO1 mRNA (2.4-fold) and protein (1.9-fold). Furthermore, both 57 kDa Nrf2 and MafG showed translocation into the nuclear fraction of hibernator liver (~1.4-fold enhancement) whereas the relative content of both proteins in cytoplasmic fractions was strongly reduced (to 50% and 75% of euthermic values).
Skeletal muscle and WAT showed no changes in the protein levels of HO1, Nrf2, or MafG, and nuclear 57 kDa Nrf2 was strongly reduced during hibernation, which suggests that enhanced HO1 is not needed in these tissues, at least during torpor itself. Notably, however, HO1 mRNA levels were elevated in skeletal muscle, which could provide for enhanced HO1 synthesis during arousal. In other organs, although Nrf2 and MafG levels were generally correlated, the HO1 response did not correlate well. In brain and kidney, for example, HO1 mRNA and protein contents were elevated but Nrf2 and MafG decreased. This suggests that another mechanism of transcriptional upregulation of HO1 may occur in these organs. For example, HO1 is also known to respond to the hypoxia-inducible factor 1 (HIF-1) transcription factor (Lee and Andersen 2006) that is upregulated in hibernation in some organs (Morin and Storey 2005) .
Nrf2 is maintained in an inactive form in the cytoplasm by interaction with the Keap1 protein, which is immobilized by binding to filamentous actin and (or) myosin VIIa of the cytoskeleton (Li and Kong 2009 ). The current model for Nrf2 regulation posits that Nrf2 binding to Keap1 positions Nrf2 so that it can be ubiquitinated and degraded by proteolysis; hence, Keap1 promotes rapid turnover and low resting levels of Nrf2. However, under oxidative stress, modification of Keap1 cysteine residues changes its conformation so that Nrf2 can bind to Keap1 but is not correctly positioned to be ubiquitinated (Li and Kong 2009) . As a result Keap1 becomes saturated with Nrf2 and free Nrf2 levels then rise rapidly and activate transcription of selected genes. Given the interaction of Keap1 with actin and previous reports of Nrf2 presence in a 100 kDa protein complex with actin (Kang et al. 2002) , we undertook an analysis of Nrf2 interaction with actin in ground squirrel tissues. In all 8 tissues, a portion of the Nrf2 protein was detected in 100 kDa bands, presumably representing the Keap1-bound, actin-associated fraction of Nrf2. The expression patterns of the 57 kDa free Nrf2 and the 100 kDa Nrf2 complex correlated in all organs except in kidney and brain, in which the 57 kDa protein was reduced during hibernation whereas the 100 kDa band remained stable. The denaturing conditions of the SDS-PAGE typically disrupt protein-protein interactions. Since this was not the case for the putative Nrf2-actin pair, this suggests that binding of Nrf2 in the actin complex has a covalent component. Indeed, binding may be due to protein phosphorylation, since studies by Kang et al. (2002) showed that treatment of the 100 kDa Nrf2 with a phosphatase released a 57 kDa Nrf2. To analyze this complex further, we used an actin antibody that detected 43 kDa (actin) in all tissues and confirmed a 100 kDa actin-containing band in brain and heart that may represent the complex. During hibernation, levels of the 100 kDa putative actin complex increased by 1.5-fold in heart, but were reduced to 75% of the control value in brain. The results in heart paralleled those seen for 100 kDa Nrf2 during hibernation, but in brain, the 100 kDa Nrf2 band did not change.
In summary, the data show that HO1 was upregulated at both transcriptional and translational levels in tissues of ground squirrels during hibernation. This suggests a significant role for HO1 in antioxidant defence in hibernator organs, consistent with the known antioxidant actions of biliverdin and bilirubin. The data also provide strong evidence for the regulatory role of the Nrf2-MafG transcription factors in the hibernation-responsive regulation of HO1.
